Fire blight has been known for centuries as a devastating disease of many plants in the family Roseaceae, including economically important species such as apple, pear, and raspberry (22, 64) . Fire blight is caused by the bacterium Erwinia amylovora (3, 17, 64) . Fire blight has a complex disease cycle and is difficult to manage (33, 52, 59) . Control measures include application of antibiotic and copper sprays based on disease forecasting models, pruning of infected branches, biological control, and use of fireblight-tolerant rootstocks and cultivars (33, 56) .
Pathogenicity in E. amylovora has been well studied and several key factors have been identified (23, 54) . One critical factor essential for pathogenesis is the production of extracellular polysaccharides (7, 11, 63) . For example, amylovoran is a major component of the ooze produced by E. amylovora (8) and contributes to bacterial movement in planta (15) .
Carbohydrate utilization is another important component of E. amylovora pathogenicity (28) . Sorbitol and sucrose are the two major forms of transported and stored carbohydrates in rosaceous plants (19, 66) . In E. amylovora, mutations in the sorbitol (srl) operon disrupt pathogenicity in apple seedlings (2), while E. amylovora mutants unable to metabolize sucrose have reduced virulence in apple seedlings (15) .
Nonchromosomal DNA elements also play a role in E. amylovora virulence. With few exceptions, E. amylovora strains isolated from nature contain a stable, nontransmissible plasmid called pEA29 (24, 39, 41, 43) . Fire blight disease incidence and symptom development is reduced with strains cured of pEA29 (24, 39, 43) . However, the role of pEA29 in E. amylovora virulence has not been fully described.
Another essential factor for pathogenesis and virulence of E. amylovora is the bacterial type III secretion system (T3SS) (31) . The T3SS secretes and translocates bacterial proteins into host cells (30) . E. amylovora secretes several proteins via the T3SS that contribute to pathogenicity, virulence, and avirulence, including HrpN, DspA/E, HrpJ, and AvrRpt2 EA (13, 14, 27, 67, 69) .
E. amylovora appears to be a fairly homogeneous species (12, 65) . Early studies (12, 37) using biochemical analyses revealed a high degree of phenotypic similarity between E. amylovora strains, even when strains from different geographical regions were compared (45) . However, more recent studies using molecular fingerprinting techniques such as repetitive polymerase chain reaction (PCR) and ribotyping, random amplified polymorphic DNA analysis, and restriction fragment length polymorphisms have shown that diversity exists among E. amylovora strains (44, 46, 68) . In fact, these studies resulted in the development of three major classifications of E. amylovora strains: Maloideae, Rubus, and 'Hokkaido' (45) . In addition, variations in aggressiveness among strains of E. amylovora have been observed (18) .
Although pathogenicity can be defined as the overall ability of an organism to infect a host and cause disease, virulence is the severity of disease caused by a pathogen (60) . The objective of this work was to determine whether expression levels of virulence characteristics account for variations in disease severity caused by different, natural E. amylovora strains. The E. amylovora strains selected provided a range of disease severity and included Ea273, Ea581a, CFBP1367, E2002a, E4001a, and HKN06P1. Ea273 is a highly virulent strain for which the complete genomic sequence is available (http://www.sanger.ac.uk/Projects/Microbes/); CFBP1367 is a moderately virulent strain that has been used extensively for virulence analysis; Ea581a is a moderately virulent strain that has been used extensively by our research group; E2002a and E4001a are highly virulent isolates (48, 49, 51) ; and HKN06P1 is a new, highly virulent isolate from Pennsylvania.
MATERIALS AND METHODS
Isolation of E. amylovora strain HKN06P1. Strain HKN06P1 was isolated in 2006 from a diseased, 1-year-old 'Golden Delicious' tree with an EMLA 26 rootstock submitted by a grower for testing at the Penn State Fruit Research and Extension Center in Biglerville, PA. A single-colony isolate of the strain was obtained by streaking fresh bacterial ooze from symptomatic shoot tissue on modified Lennox agar medium (15.0 g of Lennox broth agar, 15.5 g of nutrient agar, 10 ml of glycerol, and 4.0 g of NaCl per liter, pH 7) in 10-mm petri plates. The plates were incubated at 28°C and the bacterial culture purified through two steps of single-colony subculturing before being subjected to pathogenicity tests. Pathogenicity tests were carried out with immature fruit and apical shoot inoculation tests as described below. The identity of the isolate was confirmed by PCR using E. amylovora-specific primers and protocol described by Bereswill et al. (10) .
Bacterial strains. Bacterial strains used in this study are described in Table 1 . Bacterial cultures were stored in Luria-Bertani (LB) liquid media containing 20% glycerol at -80°C. Fresh, overnight cultures grown on LB agar or modified Lennox medium were used for all experiments. Bacterial suspensions used for inoculations were made by flooding plates with media or buffer and agitating slowly for 5 to 10 min.
Plant material. For controlled environment assays, apple seed from open-pollinated 'Gala' plants were stratified in sterile, wet sand for 6 to 8 weeks at 4°C until germination. Germinating seed were transferred to soil and grown for 6 months at 22°C with 75% relative humidity under light at 100 µmol m -2 s -1 for 16 h day -1 . Ungrafted 'Gala' trees were produced in tissue culture and transferred to soil and grown under similar conditions to the seedlings. 'Gala' trees on Bud.9 rootstocks were grown in a greenhouse.
Inoculation and disease assessment. Apple seedlings and 3-year-old field-grown 'Gala' trees on M.27 rootstocks were inoculated as previously described with slight modification (32) . Newly opened leaves of young and succulent shoots were inoculated by bisecting across the leaves, including the midrib, with sharp scissors dipped in the inoculum. The E. amylovora inoculum was adjusted to a concentration of 1 × 10 8 CFU ml -1 . Disease severity was determined by measuring the length of shoot necrosis divided by the total shoot length and expressed as a percent. Necrotic lesions were measured at 7 and 15 days postinoculation (dpi) in field experiments and at 15 dpi in seedling assays.
For field-grown tree inoculations, five replicate trees were inoculated with Ea581a or HKN06P1. Five shoots were inoculated per tree. Necrosis was measured for each shoot. A t test was used to determine significant differences between disease severity caused by HKN06P1 and Ea581a (α = 0.05). Apple seedling inoculations contained four replicate trees inoculated with HKN06P1, Ea273, Ea581a, or CFBP1367 (Table 1) . One-way analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) were used to determine separation of means (α = 0.05). Field inoculations and seedling assays were conducted three times.
For greenhouse tree inoculations, four replicate trees were inoculated with E. amylovora strains HKN06P1, Ea273, Ea581a, CFBP1367, E2002a, or E4001a. Four shoots were inoculated per tree. The length of the necrotic region was measured for each shoot. One-way ANOVA and Tukey's HSD were used to determine separation of means (α = 0.05).
Avirulence assays. Avirulence assays were carried out with potted tobacco plants. Tobacco is a nonhost plant for E. amylovora that is often used to assess E. amylovora hypersensitive response on tobacco (4,7,67). Tobacco plants (Nicotiana tabacum L. cv. Glurk) were grown as previously described (61) . Approximately 6 weeks after planting, leaves were infiltrated with E. amylovora strains. E. amylovora strains were grown overnight in LB media, pelleted by centrifugation, and washed with 1× phosphate-buffered saline (PBS) buffer before diluting to a series of bacterial concentrations ranging from 1 × 10 5 to 1 × 10 8 CFU ml -1 . After infiltration using a needleless syringe, plants were returned to their normal growing conditions. Hypersensitive responses were assessed 24 h later. The experiment was performed three times.
Relative ion leakage assays were also carried out with potted tobacco plants. Each E. amylovora strain was infiltrated into one leaf of three tobacco plants at a concentration of 1 × 10 7 CFU ml -1 . Samples were taken at 18 h after infiltration. Each sample contained four leaf disks excised from infiltrated leaves using a number 8 cork borer and immersed in a glass beaker containing 50 ml of distilled water for 4 h at 28°C with gentle agitation. Conductivity was measured using a Traceable conductivity meter (Control Company, Friendswood, TX). Samples were autoclaved and conductance was remeasured. Relative ion leakage was determined by dividing conductivity before autoclaving by the conductivity after autoclaving, multiplied by 100 to produce a percentage. Relative ion leakage experiments were performed three times.
Virulence assays on immature fruit. Immature 'Gala' apple fruit were surface disinfested by immersion in a 1% sodium hypochlorite solution for 2 min, rinsed with distilled water twice, and allowed to air dry in a laminar hood. Fruit were halved and placed cut side down on moist filter paper inside a petri dish. Each fruit was wounded twice with a sterilized 16-penny nail and inoculated with 10 µl of a 1 × 10 8 CFU ml -1 bacterial suspension into each wound. Inoculated fruit were maintained on wet filter paper in unsealed petri dishes in a growth chamber (26°C, 75% relative humidity, light at 90 µmol m -2 s -1 for 10 h day -1 ). Disease incidence was scored as the first emergence of bacterial ooze from the lenticels of the fruit. Fruit were assessed for incidence on a daily basis. Each strain was inoculated on 25 apple halves from different fruit and experiments were conducted three times. Control, mock-inoculated (1× PBS) fruit were included in each experiment.
For quantitative bacterial growth determination, fruit were inoculated as described above and incubated for 7 days. Each fruit half was weighed and then macerated in 1 ml of 1× PBS buffer. Bacterial population density was determined by standard serial dilution plating. Each experiment consisted of four biological replicates. One-way ANOVA and Tukey's HSD (α = 0.05) were used to determine separation between the means of the bacterial populations. Experiments were performed three times with similar results. Biochemical characterization. Acid production from arginine, cellobiose, D-glucose, glycerol, L-arabinose, mannose, ribose, sorbitol, sucrose, and trehalose was tested based on Bergey's Manual of Systematic Bacteriology (40). Dye's C media supplemented with specific carbohydrate (5 g/liter) were used for acid production assays (29, 34) . Indole production and reducing sugars from sucrose assays were performed following established protocols (34) .
Growth rate in liquid media. For liquid culture growth analyses, each E. amylovora strain was grown overnight on culture plates as described above. Cells were harvested by flooding plates with liquid M9 minimal media supplemented with nicotinic acid (6 g of Na 2 HPO 4 , 3 g of KH 2 PO 4 , 0.5 g of NaCl, 1.0 g of NH 4 Cl, 0.24 g of MgSO 4 , 0.2 g of nicotinic acid, and 0.2 g of thiamine per liter) and were washed twice with M9 media. Cell suspensions were brought to an optical density at 600 nm (OD 600 ) of 0.1; then, 3.5 ml was inoculated into 33.5 ml of M9 minimal media with nicotinic acid, supplemented with specific sugars to a final concentration of 1%. Three tubes per media type were inoculated per strain to an initial OD 600 of 0.01. Cultures were grown at 28°C with agitation at 250 rpm for the duration of the experiment. CFU ml -1 was determined at 0, 12, 24, 36, 48, and 60 h by serial dilution plating. CFU ml -1 was transformed to the log scale. The rate of growth for each strain in the various sugars was obtained by linear regression of the log of the CFU ml -1 against time (42) . Experiments were repeated three times.
Biofilms. For assessment of biofilm formation, E. amylovora strains were inoculated into 12-well culture plates containing LB broth and incubated without agitation for 48 h at 28°C to allow bacterial aggregation on the well walls (55) . Plates were gently washed with 1× PBS three times. Each well was then filled with 2 ml of 0.01% (wt/vol) crystal violet solution and incubated for 30 min at room temperature. Plates were rinsed again three times with 1× PBS to wash away unattached cells and unbound crystal violet. Crystal violet was solubilized with 2 ml of 95% ethanol and absorbance at 590 nm was determined. Each experiment included four biological replicates per strain, and each experiment was repeated three times. Data were analyzed using one-way ANOVA, and Tukey's HSD was used to determine separation between means (α = 0.05).
Determination of levansucrase activity. The determination of secreted levansucrase activity was carried out as previously described, with modification (9). Single colonies of each strain were inoculated in Standard I media (15.0 g of peptone, 3.0 g of yeast extract, 6.0 g of NaCl, and 1.0 g of D(+) glucose per liter) and incubated at 28°C for 48 h at 250 rpm. Bacteria were removed from cultures by centrifugation and 1 ml of cell-free supernatant was added to 1 ml of LS buffer (50 mM Na 3 PO 4 , 2 M sucrose, and 0.05% NaN 3 ). After 24 h of incubation at 37°C, absorbance was determined at 590 nm. Each experiment included four biological replicates per strain, and the experiment was performed three times. Data were analyzed using one-way ANOVA, and Tukey's HSD was used to determine separation between means (α = 0.05).
Production of amylovoran. Production of amylovoran was determined using the turbidity assay described by Bellemann et al. (6) . Cells were grown at 28°C, 250 rpm for 48 h in liquid minimal media (4.0 g of L-asparagine, 6 g of Na 2 HPO 4 , 3 g of KH 2 PO 4 , 0.5 g of NaCl, 1.0 g of NH 4 Cl, 0.24 g of MgSO 4 , 0.2 g of nicotinic acid, and 0.2 g of thiamine per liter) supplemented with 1% sorbitol. Bacteria were removed from cultures by centrifugation and 1 ml of cell-free supernatant was mixed with 50 µl of cetylpyridinium chloride (50 mg ml -1 ) in water. Absorption was measured at 590 nm after 10 min of incubation. Each experiment included four biological replicates per strain and was repeated three times. Data were analyzed using one-way ANOVA, and Tukey's HSD was used to determine separation between means (α = 0.05).
Multiple regression analysis. Multiple regression analysis was used to investigate the relative importance of various virulence factors in expression of disease severity. Values of the mean of disease severity levels on open pollinated 'Gala' apple seedlings and greenhouse-grown 'Gala' trees on Bud.9 rootstock inoculated with the various bacterial strains were regressed against values quantifying the levels of amylovoran, biofilm formation, levansucrase activity, growth rates in different sugars (glucose, fructose, sucrose, and sorbitol), hypersensitive cell death induction in tobacco, and bacterial population size in host tissue (CFU g -1 of immature apple fruit tissue). The multiple regression models were fitted with a stepwise selection method using PROC REG of the SAS software (SAS Institute Inc., Cary, NC). Values were included in the model only if their variance ratio was ≥2 (1). The selected model was evaluated for goodness of fit based on plots of standardized residuals against fitted values as well as the coefficient of determination (R 2 ). The relative contribution of individual explanatory variables (the virulence factors) was assessed based on the mean square error in the accumulated ANOVA and the corresponding F test statistic (1).
Plasmid characterization. E. amylovora plasmids were isolated by alkaline lysis extraction followed by ethanol precipitation (58) . Plasmids were resolved by electrophoresis through a 0.7% agarose gel and visualized using ethidium bromide. Plasmid size was determined by comparison to a λ-HindIII ladder (New England Biolabs, Ipswich, MA).
Protein secretion analysis. The six E. amylovora strains were grown in 20 ml of LB for 18 h at 27°C. Pelleted cells were washed twice with hrp-inducing medium containing mannitol (HMM) (31), brought to an OD 600 of 0.2 in 100 ml of HMM, grown at 18°C with shaking, and collected at 26 h, during the exponential growth phase. The bacterial cultures were quickly adjusted to an OD 600 of 0.37 with HMM, and a 1-ml aliquot was set aside and used to determine CFU ml -1 for each culture by serial dilution plating. The remainder of the culture was chilled for immediate protein collection.
Secreted proteins in the culture supernatants were collected as previously described (30, 61) . Briefly, culture supernatants were clarified by two centrifugation steps to remove bacterial cells. Proteins in 46 ml of the resulting cell-free culture supernatant were concentrated by overnight trichloroacetic acid (TCA) precipitation. The TCA pellets were washed with acetone and resuspended in 110 µl of 1× electrophoresis loading buffer (38) . Then, 3 µl of 1 M Tris-HCl (pH 8) was added to each sample, and samples were stored at -20°C. Supernatant proteins were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The amount of protein loaded in each lane represented a culture supernatant volume containing 2 × 10 9 CFU for HrpN gels and 6 × 10 9 CFU for DspA/E gels. Duplicate gels were produced, one for transfer to nitrocellulose membrane and the other for silver staining. HrpN Western blotting was done using 12% gels; DspA/E Westerns were performed using 7.5% gels. Each gel included Precision Plus protein markers (Bio-Rad Corp., Hercules, CA). The membranes were probed with anti-HrpN or anti-DspA/E polyclonal antibodies (gifts of S. V. Beer, Cornell University) at 1:10,000 or 1:200 dilution, respectively. Secondary antibody (horseradish peroxidase-conjugated donkey anti-rabbit) (GE Healthcare, Piscataway, NJ) was used at 1:10,000 and protein bands were detected with the ECL Plus kit (GE Healthcare), using Pierce CLXPosure film (Thermo Scientific, Rockford, IL). The experiment was conducted twice in its entirety.
RESULTS
Comparison of disease severity caused by six E. amylovora isolates. E. amylovora strain HKN06P1 is a new strain ( Table 1) that was isolated during the course of routine diagnostic process-ing of samples submitted to The Pennsylvania State University Fruit Research and Extension Center in Biglerville. HKN06P1 caused significantly greater disease severity than the benchmark E. amylovora isolate Ea581a at both 7 and 15 dpi on 3-year-old, orchard-grown trees (Fig. 1A) . At 7 dpi, shoots inoculated with HKN06P1 had a mean disease severity of 40 ± 11% (standard deviation), while shoots inoculated with Ea581a had a mean disease severity of 11 ± 5%. At 15 dpi, shoots inoculated with HKN06P1 had a mean disease severity of 85 ± 2% compared with 17 ± 11% for shoots inoculated with Ea581a (Fig. 1A) .
Because HKN06P1 caused greater disease severity than Ea581a, we decided to compare HKN06P1 to three well-studied E. amylovora strains in terms of disease severity caused on apple seedlings. Six-month-old seedlings from open-pollinated 'Gala' parents were inoculated with E. amylovora strains HKN06P1, Ea273, Ea581a, and CFBP1367, and disease severity was assessed at 15 dpi (Fig. 1B) . Ea273 and CFBP1367 were chosen for comparison because they are well-characterized, standard strains used in fire blight research (13, 18, 46, 47, 51, 62) ; Ea581a was isolated from the same geographic region as HKN06P1 and has been used extensively by our research group. Seedlings inoculated with HKN06P1 had a mean disease severity of 51 ± 6% at 15 dpi, whereas seedlings inoculated with Ea273 had a disease severity of 32 ± 10% (Fig. 1B) . Seedlings inoculated with Ea581a and CFBP1367 had disease severities of 16 ± 3 and 10 ± 4%, respectively. ANOVAs indicated that the disease severity caused by Ea581a and CFBP1367 were significantly less than that caused by HKN06P1 (P < 0.001). Of the four strains, HKN06P1 caused the greatest disease severity in seedlings.
Because HKN06P1 appeared to be a highly virulent strain, it was compared with E. amylovora strains E2002a and E4001a, which are known to be highly virulent (48) (49) (50) (51) . HKN06P1 produced greater disease severity than either E2002a or E4001a on ungrafted Gala trees growing in a growth chamber (Fig. 1C) . Trees inoculated with HKN06P1 had a mean disease severity of 42 ± 9% at 15 dpi, whereas trees inoculated with E2002a and E4001a had disease severities of 26 ± 4 and 11 ± 2%, respectively. ANOVAs indicated that the disease severity caused by E2002a and E4001a was significantly less than that caused by HKN06P1 (P < 0.001).
Disease severity was also assessed in greenhouse-grown Gala trees inoculated with E. amylovora strains HKN06P1, Ea273, 
had disease severities of 12 ± 3 and 7 ± 1.7%, respectively. Trees inoculated with Ea581a, CFBP1367, and E4001a had disease severities of 1.3 ± 0.4, 1.9 ± 0.7, and 2 ± 1.4%, respectively. ANOVAs indicated that the disease severity caused by HKN06P1 was significantly more than the rest of the strains (P < 0.0001).
Comparative ability to grow in and colonize host tissue. (Fig. 3A) . In addition, HKN06P1 and E2002a caused higher rates of disease incidence than the four other strains (Fig.  3B) . Incidence was measured at the first emergence of ooze from the fruit lenticels. Disease incidence in fruit inoculated with strains HKN06P1 and E2002a appeared as early 2 and 3 dpi, respectively, whereas symptoms appeared at 4 to 9 dpi in fruit inoculated with the four other strains (Fig. 3B) . Furthermore, disease incidence reached 100% in fruit inoculated with HKN06P1 or E2002a at 7 dpi, whereas none of the other four strains reached 100% incidence by 7 dpi.
Comparative biofilm and extracellular polysaccharide production. The relative ability of the six strains to form biofilms in static cultures was assessed using crystal violet staining (Fig. 4) . HKN06P1 and E2002a produced the most biofilm, followed by E4001a, CFBP1367, Ea581a, and Ea273. Amylovoran and levan are two major polysaccharides produced by E. amylovora, and they contribute to E. amylovora pathogenicity and are a major component of biofilm aggregates (28, 55) . E. amylovora strains HKN06P1, Ea273, and E4001a produced significantly more amylovoran than Ea581a, CFBP1367, and E2002a (P < 0.0001) (Fig.  5A) . However, no statistically significant differences in levansucrase activity were observed among the six strains (Fig. 5B) .
Comparative growth rates in minimal media supplemented with different sugars. Carbohydrate utilization is important in bacterial growth and plays a role in pathogenicity (2). Because sorbitol, sucrose, glucose, and fructose are the major carbohydrates in Malus × domestica (16, 19, 66) , we tested the ability of the six E. amylovora isolates to utilize these four sugars. Each strain was grown in liquid M9 minimal media (described in the Materials and Methods) supplemented with 1% of the appropriate sugar, and bacterial population growth over time was measured by serial dilution plating. By transforming CFU ml -1 measurements to the log scale and analyzing them by linear regression, we obtained growth rates for each strain in each of the four different media (Fig. 6 ). HKN06P1 and CFBP1367 grew fastest in M9 media supplemented with sorbitol, followed by E2002a, Ea273, Ea581a, and E4001a, with significant separations among the strains (P < 0.001). The mean growth rate of each strain was very similar no matter what the carbon source.
Comparative metabolic profiles. Because differences in sugar utilization in culture were observed among the six E. amylovora strains, metabolic profiling was performed (Table 2) . We performed a set of biochemical analyses to compare carbon utilization profiles of E. amylovora strains HKN06P1, Ea273, Ea581a, Fig. 3 . Comparison of Erwinia amylovora strains HKN06P1, Ea273, Ea581a, CFBP1367, E2002a, and E4001a in terms of bacterial population and disease incidence in immature 'Gala' apple fruit. A, Populations of E. amylovora strains in immature apple fruit at 7 days postinoculation with 1 × 10 8 CFU of the indicated E. amylovora strains. Bars represent means of four replicates; means with the same letters are not significantly different as determined by one-way analysis of variance with Tukey's test (P ≤ 0.05). The experiment was performed thrice with similar results; panel depicts results from a typical experiment. B, Disease incidence over time in immature apple fruit inoculated with the indicated E. amylovora strains. Twenty-five immature fruit were used for each strain; incidence was scored when bacterial ooze was first observed emerging from fruit lenticels. The experiment was performed thrice with similar results; panel depicts results from one experiment. and CFBP1367, E2002a, and E4001a, as well as a lab isolate of Dickeya dadantii (formerly E. chrysanthemi) ( Table 1) . HKN06P1 and E4001a differed from the other E. amylovora strains in that they produced large amounts of reducing sugars from sucrose. HKN06P1 was the only E. amylovora strain that displayed weak acid production from sorbitol. Neither HKN06P1 nor E4001a had detectable acid production from mannose. All the E. amylovora strains analyzed produced acid from D-glucose, Larabinose, sucrose, and trehalose. None of the E. amylovora strains tested produced acid from indole. Ea273 did not produce acid from cellobiose; Ea581a did not produce acid from glycerol. Surprisingly, four of the six E. amylovora strains had acid production from cellobiose, a trait relatively rare in E. amylovora (40) .
Plasmid profiles. Native plasmid profiles were obtained for all six E. amylovora strains (Fig. 7) . All six strains contained pEA29, as expected. Ea273 and CFBP1367 contained pCPP60, as previously reported (62) whereas HKN06P1, Ea581a, E2002a, and E4001a did not contain pCPP60.
Comparative avirulence in tobacco. Virulence of E. amylovora is associated with the ability to cause a hypersensitive reaction (HR) on nonhost tobacco plants (4, 35, 63) . Therefore, the relative effectiveness of the six E. amylovora strains used in this study at triggering the HR was assessed. Leaves of 6-week-old N. tabacum L. cv. Glurk plants were infiltrated with suspensions of E. amylovora strains HKN06P1, Ea273, Ea581a, CFBP1367, E2002a, and E4001a at a series of bacterial concentrations rang- ing from 1 × 10 5 to 1 × 10 8 CFU ml -1 , and the infiltrated areas were observed for hypersensitive tissue collapse at 24 h after infiltration (Fig. 8A) . At 1 × 10 8 CFU/ml, all six strains caused an HR; at 1 × 10 7 CFU ml -1 , CFBP1367 caused a patchy HR while the five other strains caused complete HR collapse; at 1 × 10 6 CFU ml -1 , strain HKN06P1 caused a partial HR while no other strain caused any visible HR collapse; and at 1 × 10 5 CFU ml -1 , none of the strains caused an HR.
To obtain a quantitative assessment of the ability of the six E. amylovora strains to cause an HR in tobacco, relative ion leakage was determined at 18 h postinfiltration with a bacterial suspension of 1 × 10 7 CFU ml -1 for each strain (Fig. 8B) . Relative ion leakage measures the degree of tissue breakdown and cell death. HKN06P1 produced the largest amount of relative ion leakage. HKN06P1, Ea273, E2002a, and E4001a caused significantly more relative ion leakage than Ea581a and CFBP1367 (P < 0.0001).
Analysis of protein secretion. Because of the essential role of secreted proteins in the fire blight disease process, we compared protein secretion patterns among the six E. amylovora strains growing in hrp-inducing minimal media (Fig. 9) . Protein loading was normalized according to bacterial cell number (see Materials and Methods). Considerable variations in supernatant protein profiles, including protein amounts and banding patterns, were revealed by SDS-PAGE followed by silver staining (Fig. 9A) . Overall, HKN06P1 had a greater number of intensely stained supernatant protein bands than the other strains. Ea273 and E4001a appeared to have the fewest intensely staining bands compared with the other strains. Interestingly, Western blot analysis showed that HKN06P1 secreted more DspA/E than all the other strains (Fig. 9B) . Strains E2002a and E4001a secreted large amounts of DspA/E compared with Ea273, Ea581a, and CFBP1367, which had relatively little DspA/E secretion. In contrast to the wide variation in DspA/E secretion, there was little variation in the secretion of HrpN among the strains, although Ea273 and Ea581a had somewhat less HrpN secretion than the other four strains (Fig. 9C) .
Multiple regression analysis of disease in seedlings. The regression equation relating virulence characteristic expression level to disease severity in seedling plants was highly significant (F = 19.01; P < 0.0001) and accounted for 70.1% of the variance in the response variable (disease severity). Plots of the standardized residuals against fitted values along with normalized probability plots of the residuals indicated the model was a good fit for the data and that the criteria for multiple regression analyses were certified. Of all the virulence characteristics evaluated, only growth in host tissue, biofilm formation, and amylovoran production were significantly (0.001 ≤ P ≤ 0.018) related to levels of disease severity. Amylovoran production and growth in host tissue accounted for most of the variation in the response variable, having variance ratios of 28.35 and 22.07, respectively (Table 3) .
Multiple regression analysis of disease in greenhouse-grown 'Gala' trees. Multiple regression analysis revealed a highly significant (F = 45.59; P < 0.0001) relationship between disease severity in greenhouse-grown 'Gala' trees and several of the virulence characteristics (Table 4) , with the regression model accounting for 75.8% of the variation in disease severity. As with the model for disease severity on seedling plants, bacterial growth rate in immature fruit accounted for most of the variation in disease severity in greenhouse-grown trees. Amylovoran levels and biofilm formation, which were also important in explaining the level of disease in seedlings, also accounted for significant variation in disease severity in the greenhouse trees (Table 4) .
In addition, electrolyte leakage and bacterial growth rates in sorbitol were significantly related to disease severity in greenhouse-grown trees, accounting for more variation than biofilm formation and amylovoran production (Table 4) . Growth rate in sorbitol was the second most important virulence factor related to disease severity in greenhouse-grown trees, accounting for nearly 25% of the variation in disease severity levels. Also, correlation analysis showed that electrolyte leakage was strongly correlated with growth in immature fruit (r = 0.612; P < 0.0001). Based on these results, bacterial growth rate in immature apple fruit, electrolyte leakage, growth in sorbitol, amylovoran production, and biofilm formation were the best indicators of strain virulence status in greenhouse-grown apple trees.
DISCUSSION
The purpose of this study was to document differences in disease severity caused by six different E. amylovora strains, profile the six strains for traits associated with virulence, and determine whether variation in traits associated with virulence accounted for differences in disease severity caused by the strains. The results of the study are summarized in Table 5 . Differences in bacterial growth in host tissue (immature apple fruit), amount of a Symbols: -= negative reaction failed to change media color due to lack of acid production, + = positive reaction changed media color due to acid production, ± = weak reaction as determined by changed media color due to acid production, and +++ = greater color change when compared with other positives. b Negative reaction is a colorless or light pink reaction and positive is a blue-green color change. amylovoran production in culture, and amount of biofilm formation in culture accounted for >70% of the variation in disease severity caused by HKN06P1, Ea237, Ea581a, and CFBP1367 in open-pollinated 'Gala' apple seedlings. Furthermore, differences in bacterial growth in host tissue (immature apple fruit), growth rate in sorbitol, amount of amylovoran production in culture, amount of biofilm formation in culture, and electrolyte leakage due to hypersensitive cell death accounted for 75.8% of the variation in disease severity caused by all six strains in greenhouse-grown 'Gala' apple trees. This indicates that variation in traits associated with virulence plays a major role in determining E. amylovora virulence levels in natural populations. However, this study is limited in that only one type of host (apple) and, mainly, one cultivar ('Gala') was used. Our results support the use of immature apple fruit tissue as a model system for the study of E. amylovora virulence. E. amylovora population size in immature fruit accounted for a substantial part of the variation in disease severity in apple seedlings. Furthermore, growth in immature fruit was the single most important virulence characteristic accounting for disease severity in apple trees. This means that growth in immature apple fruit is a robust indicator of E. amylovora virulence in apple trees.
Exopolysaccharide production is essential for E. amylovora virulence, because E. amylovora mutants blocked in amylovoran biosynthesis are not virulent (7). Our results build upon these findings by indicating that the level of amylovoran production contributes quantitatively to E. amylovora virulence. Interestingly, amylovoran production and biofilm formation are linked in E. amylovora (36) , and we found both traits to account, in part, for disease severity in both apple seedlings and 'Gala' apple trees.
Although differences in growth rates in M9 minimal media supplemented with various sugars did not account for variations in disease severity in apple seedlings, growth in sorbitol accounted for nearly 25% of variation in disease severity in greenhouse-grown Gala apple trees (Table 4) . Sorbitol is the most abundant form of transported carbon in apple (19, 66) . Strikingly, CFBP1367 utilized sorbitol as effectively as HKN06P1 (Fig. 6) , despite being much less virulent than HKN06P1 (Figs. 1B and 2 ). However, CFBP1367 was isolated from Crataegus sp. (Table 1) , whereas all of the virulence assays performed for this study used apple hosts, which likely affected our assessment of CFBP1367 virulence. In any case, this result implies that disease severity is the result of a complex interaction of virulence characteristic expression and host adaptation. It is also notable that E4001a grew at the slowest rate in all four sugars tested (Fig. 6 ), which could account for its lower virulence compared with most of the other strains (Figs. 1C and 2) .
All of the strains contained the plasmid pEA29, as expected. pEA29 is required for E. amylovora virulence (25, 39, 43) , and nearly all tested E. amylovora strains contain pEA29 (41) . The larger plasmid pCPP60 was present only in Ea273 and CFBP1367. Plasmid pCPP60 does not appear to play a role in E. amylovora virulence (62) . The presence of pCPP60 was not associated with particularly high or low disease severity in this study.
Differences were observed among the six E. amylovora strains in terms of the HR triggered on nonhost tobacco plants (Fig. 8) . Interestingly, one of the least virulent strains (CFBP1367) was the least effective at producing the HR, whereas the most virulent strain (HKN06P1) was more effective at producing the HR (Fig.  8A) . It is interesting to note that differences in electrolyte leakage accounted for a substantial amount of variation in disease severity caused by the six strains in 'Gala' apple trees, being even more important than biofilm formation and amylovoran production (Table 4 ). In addition, electrolyte leakage was strongly correlated with growth in immature apple fruit, which is a strong indicator of virulence. The E. amylovora HR on tobacco is primarily triggered by bacterial proteins secreted via the T3SS, such as HrpN, DspA/E, and HrpW (14, 26, 27, 67) . The T3SS is also an essential pathogenicity factor for E. amylovora (4,5, 35, 63) . The correlation between electrolyte leakage in tobacco and disease severity in trees suggests that the more virulent strains may have more active type III secretion.
Interestingly, the highly virulent strain HKN06P1 characterized in this study and the two highly virulent strains noted in the literature (E2002a and E4001a) (48, 49, 51, 57) secreted large amounts of DspA/E protein in culture compared with the other three strains (Fig. 9) . In contrast, HrpN secretion was relatively consistent among the strains. This suggests that DspA/E may be a rate-limiting contributor to fire blight disease severity in apple, whereas the amount of HrpN secretion may not be a rate-limiting factor.
Mutations in dspA/E result in an inability to produce disease symptoms such as ooze on immature fruit and necrosis in apple or pear seedlings (14, 27) . DspA/E appears to have an important role in the induction of several important cellular functions, including cell death, plant defense reactions, and reactive oxygen species accumulation in host and nonhost plants (20, 21, 53) . Furthermore, Debroy et al. (20) suggest that suppression of basal immunity and promotion of necrosis by the AvrE family of effector proteins, including DspA/E, may play a role in aggressive colonization of plants. Therefore, increased secretion of DspA/E could very well contribute to disease severity, particularly in HKN06P1. E. amylovora strain HKN06P1 produced the greatest disease severity in every virulence assay used in this study ( Figs. 1 and 2 ; Table 5 ). In fact, in the present study, HKN06P1 was more virulent even than E2002a and E4001a, two exceptionally virulent E. amylovora strains described in the literature (48, 49, 51, 57) . HKN06P1 also produced the most rapid disease incidence in immature apple fruit (Fig. 3B) . As an example of an exceptionally virulent strain, HKN06P1 could serve as a useful tool for the understanding of the control of E. amylovora virulence. It would be interesting to determine whether the strong virulence of HKN06P1 incurs a fitness cost in the field, or whether strains like HKN06P1 would be expected to dominate the E. amylovora population over time.
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